Tube or Stoneley waves are known to interact strongly at low frequencies with poroelastic formations provided that flow is not restricted at the borehole-formation interface. Increased permeability leads to increased attenuation and decreased velocity of the tube wave. Such mechanism has been explored previously for characterizing fractures and permeable formations in open-hole acoustic logging. In this study we focus on the reflection response of low-frequency tube waves from various finite-size poroelastic structures. First, we examine a model of a thin reservoir and demonstrate good applicability of the approximate 1D effective wavenumber approach to describe the interaction of tube waves with porous formations. We confirm that higher permeability leads to higher reflection coefficient. Then we analyze a model of idealized (disk-shaped) perforations inside a poroelastic layer and show that it has higher reflectivity compared to washout zones of the same geometry but with no-flow conditions at the interface.
Introduction
Tube waves represent easily excitable and very abundant seismic signals that are often acknowledged as the biggest source of noise on borehole recordings. The interaction of higher-frequency tube waves (or Stoneley waves) with porous permeable formations during acoustic logging can be utilized to characterize fractures and permeable zones intersecting open boreholes . In cased boreholes tube waves can be used for evaluating quality and parameters of hydraulic fractures Paige et el., 1995) . To better understand these phenomena, proposed an approximate 1D approach that provides simple analytic description of reflection and transmission of tube waves. demonstrated the validity of the 1D approach for modeling low-frequency tube waves in open boreholes surrounded by elastic formations. In this study we investigate how well the 1-D approach performs in the case of poroelastic layers and extend this approach to describe the reflection response of idealized disk-shaped perforations. Such a study is a first step towards quantitative interpretation of tube-wave responses for formation and fracture properties in cased perforated boreholes Paige et el., 1995) . 
1D effective wavenumber approach
This study focuses on the theoretical analysis of the interaction of tube (Stoneley) waves, propagating along a fluid-filled borehole, with elastic and poroelastic layers embedded between two elastic formations ( Figure 1) . We adopt the 1D approach originally proposed by and generalized by . This formulation is quite general and no restrictions are placed on the nature of the borehole structures, except for radial symmetry. The theory is able to treat the tube-wave interaction with different borehole structures such as a elastic layers, permeable porous layers as well as diameter changes (washouts). In each homogeneous zone propagation is described by a 1D wave equation with constant effective wavenumber that depends on the properties of the surrounding formation as well as borehole parameters. To obtain the amplitudes of upgoing and downgoing waves, mass-balance boundary conditions are set at each interface, in particular, continuity of the fluid pressure and of the fluid displacement. In the low-frequency regime, reflection and transmission coefficients from a single layer of any type are given by:
where L is the layer thickness, 1 k is the axial Stoneley wavenumber in the two half-spaces and valid for a layer of any type as the rheology of the medium is absorbed by the effective wavenumber . That is why we call this approach "effective wavenumber approach". Stoneley wave propagation in the permeable zone is characterized by the effective wavenumber 2 k : the pore matrix compressibility . e k is the wavenumber of the tube wave in an equivalent elastic formation given by 1 1 and decreased tube-wave velocities are used as indicators for characterizing permeable zones in open-hole logging environment .
Model of a thin reservoir
Let us examine the accuracy of the effective wavenumber approach for the case of poroelastic formations. Such comparisons have been previously reported for irregular open boreholes surrounded by elastic formations and fluid-filled fractures . In both cases the effective wavenumber approach was shown to be in good agreement with direct computation of the wavefields by numerical methods. We are not aware of similar comparisons for poroelastic layers. Material parameters are listed in Table 1 . Good agreement between the two sets of curves is obtained above 80-100 Hz indicating that the effective wavenumber approach does capture the most important features of tubewave interactions with poroelastic formations. Below 100 Hz the spectral-ratio calculations become less stable due to diminishing amplitudes in the input signal with 1000 Hz central frequency.
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Idealized perforation model
Given success in describing tube-wave interaction for a single poroelastic layer using effective wavenumber approach, we decided to explore more complicated models with multiple layers. In particular, we focus on an "idealized perforation model" depicted in Figure 4 . While the geometry and material parameters in this model are identical to those for the single-layer model of Figure 1 , the key distinction is that two thirds of the interface between wellbore and the porous layer is now closed to flow. Therefore fluid communication occurs only in the middle porous layer. Real perforation can be thought of as a small cylinder placed perpendicular to the borehole in a particular azimuth and thus it will have even more limited area of flow. For this reason we call our model "idealized (diskshaped) perforation". Also, we do not account for the extra rigidity caused by the presence of steel casing in real boreholes, although in principle this should be possible. Even with these limitations the "idealized perforation model" is a useful first step since it can be treated by the cylindrically symmetric approaches at hand (effective wavenumber scheme and radially symmetric poroelastic finite-difference code). First let us examine the interaction of the tube wave with a zero-length perforation ( 0 w ). From now on we fix the permeability of the porous zone to 1 Darcy. Due to the smaller area of fluid communication, the magnitude of the reflection coefficent decreases compared to the fully open case (Figure 1 ) and lies in between the curves for single poroelastic and single elastic layers ( Figure 5 ). Recall that the elastic layer is equivalent to sealed (unperforated) poroelastic one. The multi-layered structure eliminates the sharp troughs that were present in the cases of single elastic or poroelastic layer. Overall we see good sensitivity of the flow at the boundaries of the perforation, we end up with what is conventionally called a washout zone or enlargement in the borehole diameter examined in detail by . For this particular model the reflection coefficient from the washout zone is higher than that of zero-length perforation. Nevertheless, the reflection amplitude from the finite-length perforation is substantially larger than from the simple washout. Since the geometry of the models with washouts and finite-length perforations are identical, the difference between the reflection curves (cyan and blue in Figure 6 
Conclusions
We have applied a 1D effective wavenumber approach to analyze interactions of low-frequency tube waves with stack of poroelastic and elastic layers. For the first time we have shown good agreement between responses obtained with 1D approach and finite difference computations.
We extended our analysis to cylindrically symmetric borehole irregularities inside poroelastic layers. In particular, we have examined the reflection response of a single idealized (disk-shaped) perforation inside the poroelastic layer. We have shown that cases of fully opento-flow porous layer, fully sealed (unperforated) and partially sealed layer with finite-width and zero-length perforation can be distinguished for sufficiently large permeabilities of the formation. For finite-length perforations changes in borehole diameter further increase the reflection coefficent. Yet for the same geometry the washout (no-flow) and perforation (open flow) can still be distinguished by their low-frequency response. For the models at hand we observe larger reflection response for the perforation than for the washout. Realistic perforation geometries are 3D and therefore cannot be directly handled by 2D approaches. More theoretical and experimental work is needed to establish a proper 3D description of wave interactions with realistic cylinder-shaped perforations. Development of new analytical and computational approaches to tube-wave interaction with realistic 3D structures in cased boreholes may allow quantitative interpretation of the responses for properties of formation and hydrofractures. Perforation should be understood first since it is basic and abundant element present in majority of cased-hole completions.
